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EFFECT OF PROPELLER-AXIS ANGLE OF ATTACR ON THRUST
DISTRIBUTION OVER THE PROPELLER DISK IN RELATION
' TO WARKE-SURVEY MEASUREMENT OF THRUST

| By Robert E. Pendley

SUMMARY

Tests were made to investigute the variation of
thrust dlstribution over the oropeller dlsk with angle
of pitch of the propeller thrust axls and to determins
the disposition and the winimum number of rakes neces-
sary to measure the propeller thrust. The tests were
mode at a low Mach number for a low and & high blade
angle wlth the propeller operating at three small angles
of pitch, and some of the tests were repeated at a higher
Mach nurber. The data obtalned show that, for small
angles of pltch, large chanses occur In the energy dlstril-
butlon in the wake which prohiblt the use of a single
survey rake for thruat measurersnt in flight tests and
limit the use of a slngle rake in wind-tunnel tests.
Under certaln zonditlions, the energy distrioution in the
walke took on a symretrical form snd two dismetrlically
opposed survey rakes vere shown to be sastisfactory for
obtalning propeller thrust.

INTRODUCTIOE

In many cases a total-oressure survey rake '1s a
more deslrable means for measuring propeller thrust than
a force system because not only the total thrust can be
obtalned. from wake-survey data but also the action of the
elements along the propeller blade can be analyzed. 1In
flight tests propeller thrust can be measured only by
wake surveys since a satlisfactory thruat meter has not
yet been developed. TIn wind-tunnel investigations of
propellers, however, the thrust obtained by use of a forece
system often dlffers conslderably from that obtained by
single~-rake waks-survey measurements.
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In reference 1 the lack of agreement between the
thrust obtained by wake asurveys and by force tests was
explained as the result of hub drag. and increase in hody
drag due to the slipstream. In reference 2, published
later, propeller-thrust-axis inclination to the free-
stream flow was shown to affect wake-survey measurements
since large variations in the distribution of thrust
over the propeller disk were found to occur with varia~
tions in angle of pitch or yaw. Some of the lack of
agreoment in the measurements of reference 1 might
therefore have been caused by a small angle of pitch or
yaw of the propeller thrust axis, although the hub drag
and the increase in body drag undoubtedly contributed to
the lack of agreement. The effect of propeller-thrust-
axis ineclination to the free=-stream flow on wakersurvey
moasurements was further verified by tests made in the
Langley 8-foot high-speeéd tunnel. 1In these tests, large
differences in the thrust measured by a force system and
by a single survey rake were found with the model at an
sngle of attack of 1°, but excellent agreement was
obtained when the tests were made at an angle of
attack of 0°,

The present tests were made in the Langley 8-foot
high-speed tumnel to investigate the variation of thrust
distribution over the propeller disk with angle of plteh
of the propeller thrust axis and to determine the number
and radlial poslition of wake-survey rekes necessary to
obtaln the rropeller thrust. Survey measurements with
e single reke were madse at slx equally spaced radlel
positions around the propeller disk. The tests were
made at three small angles of attack of the propeller
thrust exis for a high and a low blade angle and at
two Mach numbers. The effect of longltudinal position
of the rake was not investigated.

SYMBOLS

The aymbols used hereln are defined as follows:
propeller diameter, feet
advence-diemeter retio (V/nD)

free-stream Mach number

8B =B 4 O

propeller rotational speed, revolutions per second
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r station radius, feet

rs .. wake- survay-station égéius, fééé o o )
R - propeller tip radius, feet

v free-stream Qalocity, foet per second

W sectlon relative alr veloclty, feet per second

x radlal station (r/R)

Xg radial station at survey plane (rs/R)

ACp walke-survey thrust coefflclent minus force-test

thrust coefficlent
dCr/dxs  thrust-coefficient gradient

Crg wake-survey thrust coefficlent
am angle of attack of propeller thrust axis, degrses
g section blade angle at 0,75 radial station, degrees

propulsive effliciency

angle of rotation meassured in dirsction of propellsr
rotation from vertical axls (flg. 1), cegrees

APPARATUS AND METIODS

The tests were conducted in the Langley 8=-foot high-
speed tunnel with a two-blade right-hend propeller L feet
in diameter and having an NACA h-(E 9)(07? 03l5-B blade
design of NACA l6-series sections,

Blade form curves for the propeller are given In
flgure 2. The propeller was designed to have a minimum
energy loss 1n the wake. The pltch distribution used in
the design of the propeller is that obtalned by assuming
all sectlons of the blades to be operating at the same
free-stream velocity. The design conditiona were for a
free-stream Mach number of 0.600, en advance-diameter
ratio of 2,70, and a power coefficient of O, 167.
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The body on which the propeller was tested (fig. 3)
was designed to have a high critical Mach number., The
fuselage shape was the NACA form 111, (See referance 3,)
The wing of the model extended through the tunnel walls and
was fastened to the balance ring. The alrfoll had a
20-inch chord, was 9 percent thlck, and had modified
NACA 66-series sectlons, :

The forward T.l percent of the fuselage was used as
a splnmner containing the propeller hub. The propeller
plane was located at 3.8 percent of the fuselage length
to give a spinner dlameter equal to 15 percent of the
propeller dlemeter. A small gap between the propeller
and the spinner surface was sealed by spongse rubbser
cemonted to the blades in order that no radlal outflow fram
the spinner along the blades could occur,

The 200~horsepower induction motor used to turn the
propeller was 10 inches 1n diemeter and 30 inches long
and was housed within the fuselage. The motor housing
was mounted on ball bearings coaxial wlith the shaft and
was prevented from rotating under the torgue reaction by
a hydraullc unit that transmitted tiwe torque force to a
scale,. -

Thrust was measured simultaneously by force tests
and by walke surveys. The force tests were made by use of
the tunnel drag balance, which glves the resultant force
on the modsel along the tunnel axis., Propulsive thrust
was computed as thls resultant force plus the drag of the
model without the propeller, For thrust measurement
by wake surveys, a total-preasure survey rake was located
radlally in a plane perpendlcular to the tunnel axis
18 inches (0.375 dlameter) behind the proveller plane and
bolted to the tunnel wall., The effect o1 longltudinal
position of tho survey rake was nct investigated; the
longltudinal position used approximated that of the tests
reported in reference li. Complete tests wers mnade for the
rake mountad 1in each of the six equally spaced positlions
around the propeller disk. The rake was free of the model
at all times and extended to within about 0.25 inch of the
fuselage surface., The tubous of the rake were erranged to
measure tho wake from radlal stations of about 0.35 to 1l.15.
Although the proveller wake was shiftcd at the survey station
by the fusalage, this arrangement provided complete measure-
ment of the thrust distribution on the blade for all condi-
tions tested. The rake was connected to an inclined-tube
manometer and the pressures were recorded photograchically.
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The force~test data have been reduced to the usual
thrust. and power.coefficients and have been corrected for
the equivalent free-streaem veloclty (reference 5) and for -
the buoyancy effect on model drag that occurs as a result
of tunnel-wall constraint.

Because of the consatralnt of the tunnel walls, the
equivalent free-stream alrspeed corresponding to the
thrust and torque of the propeller measured at each
rotational speed differs from the tunnel datum velocltye
This correction was evaluated by surveys of veloclty in
three planes ~ immediately in front of, immedlately behind,
and at the propeller tip. The veloclty surveys extended
from the tunnel wall to the propeller tip. The correction
was evaluated from these data by the method of reference 5.
This correction, which was small, has been applled in the
determination of the values of the advance-diameter ratio.

Because of the slipstream contraction, the alr passing
outslde the slipstream undergoes an increase in static
pressure with distance downstroam from the proneller,

This Increasc in statlc pressure glves rise to a buoyancy
force on the model. Thes measured thrust has been corrected
for the buoyancy effect. The correctlon was determlned
from measurements of the static-pressure gredlent in the
tunncl air stream. Theso measuremnsnts were made for the
complete rangs of thrust loading and Mach number covered

In this test,

The wake-survey thrust coefficlent was computed from
measurements of statlc-prossure and total-prossure changes
in the wake of the propeller. An explanation of the method
used 1s given in reference 6,

Data were obtained for blade angles of 26° and 530
measured at the 0.75 radius; the propeller waas tested at a
blado angle of 26° at a free-stream Mach number of 0.30
end a blade angle of 55° at free-stream Mach numbers of 0,30
and 0.8, Tho tests were made with the propeller thrust
axis at angles of attack of 2° and [j© for the lower Nach
number and of 2° only for the higher Mach number because of
lift-load limit. At an upper vertlical rake position, tests
were made at an additlonal thrust axia angls-of attack of 1°
for a blade angle of 53°,

The data presented herein may be applied to propeller
operation 1n yaw by rotating the roferencs axls from which
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the survey position 1s measured through 90° or through
the appropriate angle for conditions of combined pitch
and yaw,

RESULT3 AND DISCUSSION

In computing the thrust coefficlent from data obtalned
wilth a single survey rake, the assumpntioa 1s made that no’
varliation in the flow about the propeller blade occurs
during a revolution. In other words, 1t iIs assumed that
the radial thrust distridbution is ldentlical for all angular
posltlons around the propeller dilsk and therefore that
the. survey-rake measurements are Independent of rake posi-
tlon. This condition exists only when the free-stream
flow. 18 parallel to the propeller thrust axis and the body
interference on the propeller l1ls wuniform asbout the thrust
exls, When tho propeller thrust axis 1s inclined to the
flow, each blade sectlon operates at a varylng angle of
attack as. 1t turns through a revolutlon,

If the propeller axls 13 at a positive angle of
attack and the propeller 1s operating at z constant
advance~-diameter ratio, the blade sectlons 1n the right
half of the disk for a right-hand oropeller will have a
groater angle of attack than those in the left half. This
condition is illustrated by the vector dlagram of- figure 4
In which 1t 1s also evident that changes cccur in the
resultant velocity of -the blade sections., If the effects
of induced veloclty are noglected, the forward veloclty
for a section at a propeller-thrust-axlis mngle of attack
of 0V and st any angular location- ® 1s shown by a solid
line 1in figure with the resultant veloclty W makling
an angle of attuck a wlth the sectlon. If the propeller
axis 1s given a small positive angle of attack with the
free-stream flow, a sectlion with angular locatlons of
elther w= 0° or = 180° will have an insignificant
change in 1ts angle of attack; but, as the section rotates
from ® = 09, 1ts angle of attack will increase to _a
maximum value at w = 90°, will return at o = 180° to
the valus for ® = 00, and willl decreasec to a minimum
valus at o = 270° from which 1t will increase to the
original angle of attack at w= 0°, .Tho veloclty-vector -
dlagrams for a sectlon at maxiwum and minimum anglss of
attack are also shown in figure l; the long-dash-line
vectors represont the maximum condition at w = 900 and
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the short-dash-line vectors the minimum condition at

w= 270°, At the conditlons of maximum and minlmum sec-
tion angle 6f attack,  ths angles between the original
and dlsplaced forward-veloclty vectors are equal to the
propeller~thrust-axis angle of attack, These varlations
in section angle of attack and resultant velocity cause
an lrregular wake. Thils irregularity in the wake 1s
clearly the effect of inclination of the propeller axis
to the free-stream flow and 1s not related to body lnter-
ference.,

The pltched attitude of the propeller results in a
shift of the wake relative to the fuselage. Figurs 1,
which shows the wake shift for angles of attack of 2°
and 0, indicates that a rake located in the unper half
of the dilsk wlll measure more of the wakes than a rake
in the lower half,.

It 1s very evlident that these waoke 1lrregularitles
render a slngle survey rake of little value for calcu-
lating the propeller thrust coefficlent when tho thrust
axls 18 inclined to the direction of the free stream,

The elffect of the wake lrregularltices 1s illustrated in
figure 5 1n which thrust-coeffilclent-gradlent curves are
shown at a constant propeller thrust coefficient for

rake positions (with the exception of the 300° position)

at 600-intervals for_a blade angle of 53° and at an

angle of attack of 4°., Vory large wale changes are
apparent., When the wake-survey thrust coefficlent obtalned
by integration of thrust-coefficlont-gradient curves 1s
plotted for a range of advance-élameter ratlo, ths curves
obtained compare as shown in figurcs 6 to 8 with those of the
force-test thrust coefficlient for the same conditions of
propeller operation.

The change in thrust loeding as the blade turns
through a revolutlon 1s shown in flgure 9 as the difference
between the Integrated wake-survey thrust coefflclent
and the force-test thrust coefficlent at a constant advance-
diamster ratlio as read from figures 6 to 8. Since the curves
In thess figures for the wake-survey and the force-test
megsurements are nearly parallel, thls plot willl be
practically the same for the entlre range of advance-
diameter ratlo up to the point of stall.,

From the sectlon angie-of-attack varlation of a
pltched propeller, the curves of ACp would be expected




8 NACA ARR No. L5J02h

to pass through 0 at w = 0° and ®= 180° and their
points of maximum amplitude would be sxpected to be at .
W =900 end w = 27009, Hotatlon of the propeller’ wake,
however, causes a shift of the curves in the direction
observed, but this shift 1s of the order of only 3°©

to 50, The large remainder of the shift is unaccounted
for but may be caused by the oscillation of the angle

of attack of the blade sectlons with a resulting lag of
scctlon forc=s wlth angle-of-attack changes.

The curves of figure 9 show the amount by which the
wake-survey thrust coefflclent obtained by use of a single
reke may ciffer from the actual proweller thrust coeffl-
clent. The difference between these thrust coefflclents
for the blade angle of 53° at ap = 4° varles to maximum
values about 100 percent greater and 100 percent less
than the thrust coefflicient foi maximum efflclency for
that blade angle, which may be read for ap = 20 from
figure 10, Tho maximum difference for the low blade
angle of 26° at the same thrust-axls angle of attack 1s
about 1,0 percent greater and L0 psrcent less than the
thrust coefficlent for maximum erfficlency at that blade
angle, At proveller thrust cocfflcisnts smaller than
those at maximum sfficlency, these percentages ars, of
course, larger and, convarsely, at propeller thrust coef-
flclents greater than those at maximum efflclency, the
rercentages are smaller.

An average of measured wake-survey thrust coefflclants
obtalned from surveys made of the irregular waxe of a
pltched or yawed propeller by a numbur of equally spacad
rakes would be expscted to agree with the propellsr thrust
coefficlient more closely as the number of rakes is
increased, In figure 11 comparisons are pressnted of
the average wake-survey thrust coefficlent for all six
rake locations with the corresponding force-test thrust
coefficient as read from the curves of figures 6. to 8.

At the thrust coefficlent for maxlimum efficiency, for
the blede angle of 539, the average wake-survey thrust
coefficient 1s about 6 percent lower than the progaller
thrust coefficlent and, for the blade angle of 26°, the
wake-survoy measurement !s sbout li percent lower. These
are the maximum values of the difference between the
proneller thrust coefficlent and the wakr-survey thrust
coefficient at the thrust coefficlent for maximum effl-
clency; thils diffsesrence is primarily the result of
neglecting the statlic-pressure veriation in ths wake.
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The effect of neglecting the static-pressure variation

in the weke..was determined from tests with a rake of both
-static~- and total-pressure tubes., The walte-survey thrust..
coefficlent was caloulated by use of the actual statlc
pressure along the rake and then recalculated wilth the
assunptlon of free-stream statlc pressure along the rake,
The curves of waks-survey thrust coefficlent as calculated
by these two methods are nresented in figure 12. At the
thrust coefflclent for maximum efficlency, the assumption
of free-gtream statlic precsure 1s shown, for both blade
angles, to causs the calculated wake-survey thrust coeffi-
clent to be about lL.5 percent lowsr than that obtained bv
use of the actual pressure. )

The symmetry of the ACp-curves of flgure 9 suzgests
that the average of the thrust cosfflclents from two
dlametrically opposed rales will be equal to the propeller
thrust coefficlent., The differencs, at all points around
the disk, between force-test thrust coefflclent and average
wake-survey thrust coefficlent for two diametrically
ovposed rakes is presented in figure 13. The curvss were
obtained by averaging values of ACT at polnts 1800 '

. apart on the curves of flgure 9 for rositions all around
the dlsk and plotting the values obtalned against rake
poslition, These curves ahow the lack of symmetrr of the
ACp-variation. Except for the curve at the high blade
nngle and Li,.. thrust-axls angle of attack, the curves
show that an average of the wake-survey thrust coefficlonts
from two dlamstricall; ooposed rakes ls lower than the
propeller thrust coefflclent by an amount equal to O to
5 percent of the thrust coefficient for maximum efrflclency.
This difference indicates that the two-rste installation will
prove sgtlsfactory when the statlc-pressure varlation is
included 1n the calculatlons and when the propeller 1s
operating under conditions simllar to thoss used harsln,
Two dlametrically opposed ralkss provide an average thrust
ocoefflcient equal to the nropsller thrust coeffilclent
because of the aymmetry of the ACp-curves; two dilametrically’
opposed rakes wlll therefore be Ilnsufficient In cases in hd
which these curves are nonsymmetrical. Nonsymmetrical
body interference around the propellor disk Ilnduced by
thick wings, large scoopsa, cockplt canoples, or similar
bodles wlll destroy the symmetry of the ACp-curves and so
preclude the use of only two rakes, . o

The recommended poéitions for an installatlion of two
rakes 1s for several reascons at the points of maximum




10 NACA ARR No., L5J02b

and minimum loadling: First, the early compressibility
and stall lossss at these points can bs observed (refer-
ence li); second, the rate of change of ACT with radial
rake position 1s smaller near these polnts than at other
positions; and last, the lnstallation 1s more practical
for.flight tests, in which the rakes should be mounted
horizontally because of larger changes 1n pitch than in

yaw.,

In two-rake Installatlions in which the rakes are
not radial to the propeller axis, the thrust obtained
from each rake wlll correspond to that of a radlal rake
located 1n some positlion between the values of w for
the innermost and outermost survey tubes. If the two
equivalent radlal positions for the two nonradial rakes
intersect at an sngle other than 1809, the average of
the two thrust valuess for those positlions will be equal to
propeller thrust only for the conditions of zero angle of
pltch and yaw, If the egulvalent radlal rake positions
occur near the points of maximum amplitude of the ACqp-curves,
however, the error of the nonradial installation will be
less than 1f the equlvalent positions occur nsar polnts
of zero amplltude where the slope of the curves 1s steapest,

CONCLUSICNS

From tests made to determine the effect of survey-
reke poslition around the disxkx of a pltched propeller on
the measurement of propellsr thrust and to determine the
disposition end minimum number of rakes necessary to
measure the thrust, the following concluslons can be
drawn:

l. Propeller operation at small angles of pltch or
yaw causes large varlations in the dlstribution of energy
in the wake,

2. Unless the propeller is opsrating at zero angle
of oitch or yaw end the body interference on the pro-
peller 1s uwniform about the thrust sxls, one survey
rake ls lnsufflclent for cbtaining promrmeller thrust
s8lnce dlfferences of more than 100 percent may occur
between actual thrust and thrust calculated from the
wake-survcy measurements.
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3« If the variation of the difference in the wake-
survey thrust coefficlent and the force-test thrust
coefficient with pitch-or .yaw 1a.symmetrlcal _and 1if
statlc pressvre variations in the wake are considered,
“wo dlaemetrically oppossd rakes may be used to measure
propeller thrust.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aerc:aautica
Langley Fleld, Va,
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